In Brief
Gallini et al. identify NuMA phosphorylation as the determinant for the Aurora-A spindle orientation function. In metaphase, Aurora-A governs the distribution of NuMA between poles and cortex by phosphorylating Ser1969
NuMA , which controls NuMA mobility at poles. A novel microtubule-binding domain of NuMA is identified compatible with LGN binding.
SUMMARY
Spindle positioning is essential for tissue morphogenesis and homeostasis. The signaling network synchronizing spindle placement with mitotic progression relies on timely recruitment at the cell cortex of NuMA:
LGN:Gai complexes, in which NuMA acts as a receptor for the microtubule motor Dynein. To study the implication of Aurora-A in spindle orientation, we developed protocols for the partial inhibition of its activity. Under these conditions, in metaphase NuMA and Dynein accumulate abnormally at the spindle poles and do not reach the cortex, while the cortical distribution of LGN remains unperturbed. FRAP experiments revealed that Aurora-A governs the dynamic exchange between the cytoplasmic and the spindle pole-localized pools of NuMA. We show that Aurora-A phosphorylates directly the C terminus of NuMA on three Ser residues, of which Ser1969 determines the dynamic behavior and the spindle orientation functions of NuMA. Most interestingly, we identify a new microtubule-binding domain of NuMA, which does not overlap with the LGN-binding motif. Our study demonstrates that in metaphase the direct phosphorylation of NuMA by Aurora-A controls its cortical enrichment, and that this is the major event underlying the spindle orientation functions of Aurora-A in transformed and non-transformed cells in culture. Phosphorylation of NuMA by Aurora-A does not affect its affinity for microtubules or for LGN but rather determines the mobility of the protein at the spindle poles. The finding that NuMA can associate concomitantly with LGN and microtubules suggests that its microtubulebinding activity contributes to anchor Dynein-loaded microtubule +TIPs at cortical sites with LGN.
INTRODUCTION
The organization and functions of the mitotic spindle are essential for proper execution of mitosis. Sophisticated mechanisms ensure the formation of a bipolar spindle with highly dynamic properties. In addition, regulatory networks operate to properly position the spindle within the cell. Coupling of the mitotic spindle axis with cell polarity is particularly relevant in mitotic epithelial cells during morphogenesis and regeneration, because it defines the position of the cell division plane [1, 2] . Intrinsic mechanisms of spindle placement are active also in adherent cells in culture to stabilize the spindle before anaphase onset [3] . Spindle placement is achieved by recruitment of microtubule motors at cortical domains in conjunction with membrane-associated proteins. The core constituents of these force-generating machines are trimeric complexes formed by the nuclear mitotic apparatus protein NuMA, the switch molecule LGN, and the Gai subunit of heterotrimeric G-proteins, all of which are found conserved from nematodes to mammals [3, 4] . NuMA is a master regulator of spindle functions, implicated not only in spindle placement, but also in spindle organization and maintenance [5] . Consistent with these two activities, in mitotic HeLa cells NuMA localizes both at spindle poles and at cortical regions above the poles [6] . NuMA operates in large multiprotein complexes mainly as an adaptor of the microtubule motor Dynein/Dynactin, to which it binds with its N-terminal domain [7] . Depending on the cellular context, the C-terminal portion has been reported to associate with LGN [8] , Eg5 [9] , cortical 4.1R/G [10, 11] , and also directly with microtubules [8, 12] and the plasma membrane [13, 14] . During spindle assembly, the interaction of NuMA with Dynein/Dynactin promotes microtubule tethering to the poles and aster focusing [15] [16] [17] . In metaphase, binding of NuMA to Dynein/Dynactin is essential for the recruitment of Dynein to the cortex, where it exerts minus-end directed pulling forces on astral microtubules in order to position the spindle [6, 7] . To coordinate spindle functions with cell-cycle progression, the mitotic activities of NuMA must be tightly controlled in time and space. At mitotic entry, NuMA localization and activities respond to mitotic Ran GTP signaling [18] , and to several phosphorylation events. From prometaphase to metaphase, the phosphorylation of NuMA on Thr2055 by CDK1 negatively regulates the direct association of the protein to the plasma membrane [11, 14, 19] . Experiments in HeLa cells revealed that the activity of Plk1 at the poles assists spindle centering by decreasing the affinity of NuMA for Dynein/Dynactin [6] , while phosphorylation of NuMA by Abl1 is required to couple the spindle axis with NuMA:LGN cortical crescents [20] . Studies in C. elegans embryos showed that the phosphorylation of the NuMA-related LIN-5 protein by aPKC reduces microtubule-pulling forces at the anterior site to promote asymmetric spindle positioning [21] . Recently, in vitro studies and proteomic screenings identified NuMA among the substrates of Aurora-A [22, 23] . However, whether these putative phosphosites affect spindle alignment is currently unexplored.
The Aurora-A kinase governs spindle assembly [24] . In human cells, its activity orchestrates the organization of the spindle poles by influencing microtubule nucleation and dynamics [25] [26] [27] [28] [29] . Historically, key functions of Aurora-A in spindle alignment and maintenance of self-renewing have been documented in Drosophila SOP cells and neuroblasts, mainly by regulation of the Par3/Par6/aPKC activity [30, 31] . In the same systems, Aurora-A has been shown to promote spindle orientation by phosphorylating LGN/Pins, this way favoring its association with cortical Dlg [32] . Whether Aurora-A can contribute in flies or vertebrates to spindle orientation in other ways is an interesting open issue. More indirect evidence of the involvement of Aurora-A in spindle alignment came from overexpression studies in mammary stem cells [33] and colon cancer cells [34] . Recently, partial inhibition of Aurora-A with low doses of the chemical inhibitor MLN8237 has been reported to induce misorientation of cell division in human U2OS cells in culture [35] .
Based on the common functions of Aurora-A and NuMA in orienting cell divisions, and on their colocalization at the spindle poles, we set out to address whether and how Aurora-A could influence the spindle orientation activities of NuMA directly. In this study, we demonstrate that in metaphase Aurora-A controls the recruitment of NuMA/Dynein at the cortex by direct phosphorylation of NuMA, and that this event recapitulates the spindle orientation activities of Aurora-A in transformed and non-transformed cells in culture. In addition, we identify a new microtubule-binding domain of NuMA, which is not required for spindle pole targeting but might secure NuMA/Dynein complexes to the cortex together with LGN.
RESULTS
Reduced Aurora-A Activity Results in Spindle Misorientation in HeLa and hTERT-RPE-1 Cells Under conditions of complete Aurora-A inactivation, cells are strongly delayed in prometaphase with highly disorganized spindles, thus precluding the possibility of studying the role of the kinase in spindle orientation. However, partial inhibition of Aurora-A by low doses of MLN8237 has been shown to cause spindle misorientation in cultured cells without preventing mitotic progression [35] . Thus, to investigate the molecular events underlying the spindle orientation functions of Aurora-A, we established conditions to inactivate the kinase in HeLa cells to an extent that still allows a fraction of mitoses to form a bipolar spindle and congress chromosomes in a metaphase plate.
Preliminary setup experiments indicated that in HeLa cells 50 nM MLN8237 are required to inactivate partially Aurora-A ( Figure 1A , left panel; Figure S1A ), leaving the activity of Aurora-B unaffected ( Figure S1A ). Importantly, under these conditions, about 30% of mitoses assembled a bipolar spindle and formed a metaphase plate (Figures S1A and S1B ). Depletion of Aurora-A by small-RNA interfering (RNAi) oligos in HeLa cells or treatment of hTERT-RPE-1 cells with 100 nM MLN8237 results in an analogous Aurora-A inactivation, with a good proportion of metaphases ( Figures 1A, S1C , and S1D). Thus, we set out to use these MLN8237 and RNAi conditions to study the spindle orientation functions of Aurora-A in cultured cells.
Time-lapse video-recording analyses of HeLa and hTERT-RPE-1 cells under the partial Aurora-A inhibiting conditions established above revealed that between 15% and 30% of bipolar divisions were misoriented, with the two forming daughters partially overlapping rather than being adjacent (Figures 1B  and 1C ; Movies S1 and S2). We ruled out that misoriented divisions occurred as a result of delayed anaphase onset by assessing the correct orientation of HeLa cultures slowed by MG132 treatment/release ( Figure S1E ). Measuring of the spindle axis angles with respect to the substrate in fixed cells plated on fibronectin-coated coverslips showed that the phenotype observed upon partial Aurora-A inhibition reflected a misorientation of the mitotic spindle in metaphase ( Figure 1D ). The orientation defect observed upon partial Aurora-A inactivation is comparable to the one reported for NuMA and LGN ablation [7] , although less penetrant than the misorientation resulting from b1-integrin loss [36] .
These results indicate that either partially depleting or chemically inactivating Aurora-A in human cultured cells alters the orientation of the mitotic spindle and results in misoriented divisions.
Aurora-A Activity Is Required for the Correct Distribution of NuMA in Metaphase Cells
In order to investigate whether the misorientation phenotype observed upon Aurora-A inactivation reflected defects in the localization of the main players of the spindle orientation pathway, we analyzed the distribution of LGN, NuMA, and the Dynactin subunit p150
Glued by immunofluorescence (Figures 2 and S2).
LGN distribution at the cell cortex was comparable in control and MLN8237-treated HeLa metaphases ( Figure 2A ). Conversely, upon Aurora-A inhibition NuMA was clearly displaced from the cortex, and concomitantly accumulated at the spindle poles ( Figures 2B and S2B) . A similar relocalization was observed for p150 Glued in MLN8237-treated HeLa cells, although to a lower extent ( Figure S2A ). Quantitative image analyses (see Supplemental Experimental Procedures for details) demonstrated that treatment with 50 nM MLN8237 induces a 6-fold enrichment of NuMA at spindle poles, and a concomitant loss of its cortical signal ( Figures 2B and S2B ). Comparable results were obtained following RNAi-mediated Aurora-A inactivation ( Figures 2C and S2B , lower panels), as well as in MLN8237-treated (100 nM) hTERT-RPE-1 metaphases ( Figures 2D and  S2C ), indicating that Aurora-A activity is required for the correct localization of NuMA in mitosis. Consistent with this idea, transient overexpression of a kinase inactive Aurora-A mutant induced partial relocalization of NuMA from the cell cortex to spindle poles, a phenotype that is consistent with a dominantnegative effect ( Figure S2D ). Based on the observed perturbation of the mitotic distribution of NuMA, we reasoned that, when Aurora-A activity is lowered, NuMA is somehow trapped at spindle poles, thus depleting the cytosolic fraction able to reach the cortex. To test this hypothesis, we measured the mobility of transiently transfected GFP-NuMA at the spindle poles by fluorescence recovery after photobleaching (FRAP) analysis in control or MLN8237-treated mitotic HeLa cells ( Figure 2E ). The half-time for the recovery (t 1/2 ) of the fluorescence signal after photobleaching in unperturbed conditions was about 50 s, confirming the existence of a mobile fraction of NuMA at spindle poles previously reported [11, 37] . In Aurora-A-inhibited cells, the half-time for the recovery significantly increased compared to untreated cells, and concomitantly the fluorescence intensity at plateau diminished indicating a reduction of the mobile fraction of NuMA at the poles from 60 to about 40%. Together these data indicate that the activity of Aurora-A controls the mobility of NuMA at spindle poles, establishing the correct dynamic exchange between the polar and cortical pools of NuMA.
Loss of Cortical NuMA Causes Spindle Misorientation in Aurora-A-Inhibited Cells
In mitosis, NuMA is the molecular connection between the microtubule motor Dynein and cortical receptors formed by LGN:Gai complexes [7] . The evidence that MLN8237 treatment causes loss of NuMA from the cortical sites leaving LGN unperturbed prompted us to investigate whether ectopic targeting of NuMA at the membrane could bypass the requirement of Aurora-A for spindle orientation. To address this possibility, we generated a chimeric protein ( Figure 3A ) carrying the GoLoco region of LGN, encompassing residues 359-677, fused C-terminally to GFPNuMA (GFP-NuMA-GoLoco hereon) [6] . We first tested the localization of GFP-NuMA-GoLoco in mitotic HeLa cells upon transient transfection. In metaphase, the chimera was recruited in a cortical belt at the plasma membrane at higher levels than GFP-NuMA, while it displayed a weaker localization at the spindle poles ( Figure 3B ). Upon MLN8237 treatment, GFP-NuMAGoLoco accumulated at the spindle poles as observed for GFP-NuMA and for the endogenous protein ( Figure 2) ; however, a pool of the protein was still visible at the cortex ( Figure 3B ). To evaluate the orientation of cell divisions in GFP-NuMA-GoLocoexpressing cells treated with MLN8237, we monitored the position of the spindle poles (detected by GFP signal) and of the forming daughters (monitored by differential interference contrast [DIC]) in video-recording time-lapse experiments ( Figure 3C ; Movies S3 and S4) and compared them with the divisions of GFP-NuMA-expressing cells. As expected, a large fraction of cells transfected with GFP-NuMA misaligned the spindle when treated with MLN8237. Conversely, the percentage of misoriented divisions of cells expressing GFP-NuMA-GoLoco did not increase upon MLN8237 addition ( Figure 3D ). We also observed that expression of GFP-NuMA-GoLoco per se tended to enhance the number of misoriented cells compared to GFP-NuMA (shown by the ''DMSO'' columns in the histograms of Figure 3D ). We speculate that this phenotype might be caused by enhanced targeting of NuMA to the cortex by the GoLoco domain. Notably, the presence of GFP-NuMA-GoLoco also partially rescued the mitotic delay induced by MLN8237 treatment ( Figure 3C ) [35] .
Collectively, these results demonstrate that loss of NuMA is the major molecular determinant for the misorientation phenotype observed upon Aurora-A inhibition.
The Distribution of NuMA in Metaphase Is Regulated by Direct Aurora-A Phosphorylation To gain a mechanistic understanding of the events underlying the NuMA-dependent spindle misorientation phenotype observed upon Aurora-A inhibition, we set out to test the hypothesis that direct phosphorylation of NuMA by Aurora-A governs its mitotic distribution. We decided to start our analysis using a C-terminal fragment of NuMA spanning residues 1821-2115 (referred to as NuMA Cter hereon), which starts right after the coiled-coil region, is unable to dimerize, and contains Aurora-A phosphosites identified previously [22] ( Figure 4A ). We purified Cter displayed three phosphorylated species, which disappeared in the presence of MLN8237 ( Figure 4B ). In line with previous findings [22] , mass spectrometry analysis of the phosphorylated bands established that the phosphorylation occurred on three serine residues of NuMA Cter conforming to the Aurora-A consensus site, namely, Ser1969, Ser1991, and Ser2047 (Figure 4A) . Consistently, alanine substitution of these three serines abrogated phosphorylation of NuMA Cter ( Figure 4B To explore the physiological relevance of the identified phosphosites in mitosis, we generated HeLa cell lines stably expressing mCherry-tagged NuMA Cter wild-type or mutated either to alanines or to aspartic acids in the three serine phosphosites, singularly or in combination. Immunoblot analysis of the lysates confirmed that all cell lines expressed equal amounts of Nu-MA Cter , and that the overexpression levels of the C-terminal fragments driven by Ubc promoter were of the same order of magnitude of endogenous NuMA ( Figure S3A ). We then analyzed the mitotic distribution of mCherry-NuMA
Cter mutants in unperturbed cells and in cells treated with 50 nM MLN8237 ( Figure 4C ). In metaphase, wild-type NuMA Cter localized at the spindle poles,
where it accumulated aberrantly upon Aurora-A inhibition (Figures 4C and 4D ), mirroring what observed for the endogenous protein ( Figure 2 Cter -Ser1969-Ala and found that they were unchanged ( Figure S3B ), indicating that no priming occurs. Thus, we conclude that the polar accumulation of NuMA Cter observed in metaphase upon MLN8237 treatment mirrors the redistribution previously described for endogenous NuMA under the same conditions (Figure 2 ), and that the major determinant is the Aurora-A phosphosite Ser1969. Beside polar accumulation, inhibition of Aurora-A prevents cortical targeting of NuMA (Figure 2 ). To assess whether the three phosphosites identified above impact on the cortical recruitment of NuMA, we analyzed the cortical enrichment of mCherry-tagged NuMA Cter mutants ( Figure S3C ). Since the low expression levels of cell lines stably expressing mCherry-
NuMA
Cter mutants did not allow a reliable quantification of cortical signals, we resorted to transiently transfect the same constructs in HeLa cells and monitor the presence of cortical mCherry fluorescence ( Figure S3C ). Single substitutions of Ser1969 and Ser2047 to Ala reduced NuMA Cter localization at the plasma membrane to the same extent observed for the combined mutation of the three phosphosites to alanine, whereas replacement of Ser1969 with Asp, alone or together with Ser1991-Asp and Ser2047-Asp, did not alter significantly cortical NuMA Cter levels ( Figure 4E ).
To address the relevance of Ser1969 NuMA phosphorylation by Aurora-A in the context of the full-length protein, we first generated a HeLa cell line stably depleted of NuMA by infection with a short-hairpin RNA (shRNA) targeting human NuMA ( Figure S3D ). We then used this cell line to study the mobility and orientation functions of a sh-resistant mCherry-NuMA S1969A mutant. Upon photobleaching, the mCherry signal of wild-type NuMA recovered with rates undistinguishable from GFP-NuMA transfected in HeLa cells, whereas the Ser1969Ala-mutated protein displayed slower recovery rates ( Figure 4F ). Most notably, the mobility of the Ser1969Ala mutant mirrors the one of the wild-type protein in cells treated with 50 nM MLN8237 (cf. Figures 4F and 2E) . We conclude that the phosphorylation of Ser1969 NuMA sets the correct cycling rates of the protein at the spindle poles in metaphase.
Based on the FRAP analysis, we asked whether the reduced spindle pole mobility of the NuMA S1969A phosphomutant could recapitulate the spindle misorientation phenotype occurring upon Aurora-A inhibition. Spindle angle analysis revealed that transfected mCherry-NuMA WT rescues almost completely the spindle alignment defects of NuMA-depleted cells, whereas NuMA S1969A does not ( Figures 4G and S3E ).
Collectively, these results indicate that NuMA is a direct substrate of Aurora-A, and that in metaphase the specific phosphorylation of the Ser1969
NuMA prevents aberrant accumulation of the protein at the spindle poles allowing its membrane targeting at the cortex, this way promoting correct spindle orientation.
Binding of NuMA to Microtubules Is Independent of Aurora-A The evidence that Aurora-A inhibition leads to accumulation of NuMA at the spindle poles indicates that a receptor for NuMA exists at the spindle poles, whose affinity is modulated by the activity of the kinase. The major phosphosite that influences the mobility of NuMA at the poles in MLN8237-treated cells, Ser1969 NuMA , lies in the region that was previously shown to bind directly microtubules (see Figure 4A) . Thus, we set out to test whether the phosphorylation of NuMA by Aurora-A could affect its affinity for microtubules. Cosedimentation of purified NuMA
Cter with taxol-stabilized microtubules revealed that phosphorylation by Aurora-A or replacement of the three serine phosphosites with Asp did not alter the binding affinity of NuMA
Cter for microtubules in vitro ( Figure 5A ). Cosedimentation of mCherryNuMA Cter from mitotic lysates with increasing concentrations of microtubules confirmed that, under the same conditions used for the studies in cells, Aurora-A inhibition did not alter the affinity of NuMA Cter for microtubules ( Figure 5B ).
Dimeric constructs of NuMA encompassing the microtubulebinding domain (MT-binding in the following) have been recently shown to bundle microtubules [38] . To assess whether this activity could be modulated by Aurora-A, we generated dimeric GSTfusion proteins of NuMA 
DISCUSSION
Aurora kinases are master regulators of mitosis involved in spindle assembly and positioning. Here, we report that the direct phosphorylation of NuMA by Aurora-A on Ser1969 and Ser2047 regulates its cortical recruitment in metaphase, and in this way the correct orientation of the mitotic spindle of adherent cells in culture. In addition, we identify a new MT-binding domain on the C-terminal portion of NuMA, which is dispensable for the localization of the protein at the spindle poles and is compatible with its association to LGN, suggesting a role in spindle positioning. Aurora-A has been implicated in orienting symmetric and asymmetric divisions from nematodes to mammals [1, 2, 33, 35] . In asymmetric divisions of Drosophila neuroblasts, Aurora-A controls the establishment of apico-basal polarity by phosphorylating Lgl [39] [40] [41] , this way affecting indirectly also spindle positioning. Our studies reveal that the kinase activity of Aurora-A controls spindle alignment of unpolarized cells by governing the distribution of NuMA in metaphase. Partial ablation or chemical inhibition of Aurora-A in metaphase causes excessive accumulation of NuMA at the spindle poles, thus preventing its cortical recruitment with LGN. Ectopic targeting of NuMA at the cortex by chimeric fusion of the GoLoco domain of LGN at the C terminus of the protein restores almost completely the alignment defects observed in MLN8237-treated HeLa cells, demonstrating that in this system the recruitment of NuMA at the cortex in metaphase is required and sufficient to align the spindle parallel to the substratum.
Studies in fly neuroblasts suggested that Aurora-A promotes spindle alignment by phosphorylating Pins/LGN on a conserved Ser residue in the linker region between the TPR domain and the GoLoco motifs [32] . Phosphorylation of this Ser residue seems to play a role for spindle orientation also in MDCK cysts [42] and neuroepithelial cells [43] , although it is not clear whether in vertebrate LGN is a direct substrate of Aurora-A. Under the conditions of partial Aurora-A inhibition that we used for our studies, we did not observe a significant reduction in the levels of cortical LGN in metaphase. We conclude that in HeLa cells, cortical targeting of LGN is less sensitive than NuMA's one to the kinase activity of Aurora-A. Whether this behavior holds true in proliferating tissues remains an interesting open question.
Aurora-A inhibition results in aberrant accumulation of NuMA at the spindle poles accompanied by reduced mobility, implying that in normal conditions the affinity of NuMA for spindle pole components is diminished by Aurora-A phosphorylation. The evidence that in MLN8237-treated cells the monomeric C-terminal construct of NuMA, spanning residues 1821-2115, exhibits the same polar enrichment displayed by endogenous NuMA allowed us to use this construct to dissect the effects of Aurora-A on NuMA at a molecular scale, both in vivo and in vitro. In line with previous proteomic data [22] , we showed See also Figure S4 .
that in vitro Aurora-A phosphorylates NuMA on Ser1969, Ser1991, and Ser2047 and demonstrated that the Ser1969 phosphosite is the determinant of the polar accumulation of NuMA observed in the presence of MLN8237. In particular, we found that replacement of Ser1969 with Ala on NuMA Cter recapitulates the enrichment at the poles observed upon Aurora-A inhibition, whereas substitution of Ser2047 with Ala influences only cortical recruitment. In NuMA-ablated cells, the same Ser1969Ala substitution on full-length NuMA reduces the mobility of the protein at the spindle poles and impairs its spindle orientation functions. We propose that in metaphase the two phosphosites Ser1969 and Ser2047 synergize to guarantee the correct distribution of NuMA between poles and cortex ( Figure 6 ). These results somehow differ from what reported by Kettenbach and colleagues on the distribution of the NuMA-Ser1969Glu mutant [22] , likely because their analyses were conducted with full-length NuMA able to dimerize with the endogenous protein.
In mitosis Aurora-A controls the polar levels of p150 Glued , the Dynactin subunit implicated in spindle organization, by direct phosphorylation on Ser19 [44] . The finding that NuMA Cter enriches at the spindle poles upon Aurora-A inhibition despite being unable to interact with Dynein/Dynactin [7] suggests that Aurora-A can coordinate activities of NuMA and Dynactin at the spindle pole independently and synergically. Conversely, the Aurora-A-mediated loss of Dynactin from the cortex (Figure S2 ) likely reflects the lack of cortical NuMA. The evidence that the phosphosite playing a prominent role in setting normal amounts of NuMA at the spindle poles, Ser1969, lies in a fragment that was previously implicated in microtubule binding prompted us to test the idea that Aurora-A could regulate the interaction between NuMA and microtubules. Microtubule cosedimentation and forming assays revealed that the kinase activity of Aurora-A does not influence the affinity of NuMA for microtubules or its microtubule organizing ability. Most importantly these analyses led to the identification of a new MT-binding domain of NuMA contained in the fragment 2002-2115. Regardless of Aurora-A activity, we also found that the association of NuMA Cter with microtubules is not essential for targeting of the protein to the spindle poles, hinting at the possibility that the direct association of NuMA to microtubules is important in processes other than spindle pole assembly [17] . The finding that the newly discovered MT-binding domain is compatible with the concomitant binding of NuMA to LGN and microtubules suggests that it can sustain spindle orientation. We propose that this MT-binding domain of NuMA works at the cortex, to stabilize the interaction between LGN-engaged NuMA molecules and microtubule +TIPs, this way assisting the Dynein-mediated sliding of cortical LGN:NuMA complexes along the depolymerizing microtubules ( Figure 6 ). This hypothesis is consistent with the propensity of the MT-binding activity of NuMA to promote minus-end directed movements [38] .
In developing tissues, the coordination of the spindle axis with respect to cortical polarity is a prerequisite for asymmetric cell divisions because it defines the unequal segregation of fate determinants and niche contacts [45, 46] . In the majority of the asymmetrically dividing systems analyzed so far, in metaphase NuMA polarizes at the apical site above one of the spindle poles [11, [47] [48] [49] [50] and promotes spindle alignment along the apico-basal axis (or anterior-posterior axis in C. elegans zygotes) [51] . Therefore, our findings bear major implications in the context of vertebrate stem cell divisions. We believe that the relevance of the Aurora-A/NuMA pathway in the self-renewal of embryonic and adult stem cells will be an exciting direction for future experiments.
EXPERIMENTAL PROCEDURES Plasmids and Small Interfering Oligonucleotides
Full-length cDNA encoding NuMA (NCBI Reference Sequence: NM_006185) was subcloned in a pCDH vector with an N-terminal GFP or mCherry tag, under the control of a weak Ubc promoter (System Biosciences, CD615B). For 
